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0 Preface.

The KalMan Filter is a mini:im variance filter derived
with the followin assumptions: the dyn.azics of the system.

are linear, the observations are linear functions of the

states, and all of the noise sources an-. their statistical
characteristics are knowm. For the ca:cof estinating the"
state of the ballI~tic re-cntrv.veIhice on the basis of
noisy measurerents, the Ka1ran theory cpnnot be applied
directly. The valiCitv of the lincariz-tics ac in the

e:ctension of the 1Kalran Filter arce ---:-'

lIe wish to e:pre.s our ince--teCncc-z c LUt. Col. Roger
W. Johnson our thesis aCvisor for his conti..,,-1 al encourage-

rient, advice, and patience throughout t*-- s'tu -'v.
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Abstract

This thesis presents the results of a study wherein

the Kalman filtering technique is applied to the estimation

and prediction of the trajectory of a ballistic missile

from radar measurements m ade from an airborne radar system.

Any intercept system which is to guide an anti-missile is

critically dependent on these computational functions.

Tn-e- Kalnan, Filter equations are based on a nuubler of

assumptions that are not entirely justified in actual prac-

tice. For the case of estimating the state of a ballistic

re-entry vehicle on the basis of noisy measurements, the

Kalman theory cannot be applied directly.

In this paper the Kalman estimator is extended to non-

linear trajectory equations and unknown ballistic para-

meters. 'An estimation and prediction model is developed

.assumiing that azimuth, elevation, range and range-rate data

Is provided from ap aseeQWay radar aboard an aircraft.

In order to evalua model, a digital computer program

was developed where n a reference trajectory for a missile

is generated and this information, along with tracker air-

craft position, is used by a radar model to generate air-

borne tracking information which is contaminated with noise.

From this information the Kalman estimation and prediction

model yields estimates of the present states and future

states of the target. These are compared with the refer-

ence trajectory to evaluate the model.

vi
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* APPLICATION OF THE EXTENDED KALH. FILTER

TO BALLISTIC TkRAJECTORY ESTIJITION AND PREDICTIOn

I.* INTRODUCTION

This study is concerned with the computatiohi1 aspects

of an airborne radar systera which tracks re-entry vehicles.

It is rcquirqe that position and velocity 6f an incoming re-

entry vehicle be ~deternined frona noisy radar data. Further-

more, it is necessary to predict the vehicle's futuxre posi-

tion on the basis 6.i,.fsnt estimate of position and

velocity. The first part9olthis problem is referred to as

the "estimation-problem, whereas the second part is re-

ferred to as the *prediction problem". A third aspect of

the problem is "identificationo. Identification differs

s&lightly from estimation in the sensie that the imperfectly

knotm parameters (e.g., ballistic coefficient) character-

izing the signal-generating process are obtained from noisy

observations, whereas previously the state variables (i.e.,

position anC~ velocity coordinates) were estizrated. Knorw-

ledge of the ballistic coefficient significantly ehhances

the quality of the prediction.

In the usual trajectory determination problems we make

discrete~noisy mneasureeents of variables related to the

state of a vehicle whose motion is uniquely determined by

*its unknow't initial state, and we asks on the badsis of noisy,
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aeasurementdo for the Obest" estimate of the state at any{ .time. in a series of well-known papers (Ref 1.2.3)

R.E. Kalmn describes an opti~ial filter applicable to noisy,I.time-varying, #.near Isystems. 'This filter, which is essen-

tially a minimum variance linear esti-mator, is particularly

- suitable for trajectory determination problems in which

estimaates of state variables axe desired as rapidly. as pos-

sible. Hiowever, the trajectory estimation problen is non-

2- linear and the Kalnan theory cannot be applied directly.

Although the Kalman filter is ortimum only whien the,

system difrnilequations aidmeasuremients aelinear,

it has found considerable use in e~timating the state vari-

ables of a nonlinear system with measurements that are noise-

4 corrupted nonlinear functions of state variables. This em-

ployjment of the Kalman filter is frequently referred to as

the "Extended Kalman Filter3 r It is ~an intuitive but fre-

lquently successful application of the Kalmaan filter in the

absence, of truly optimum filters for non-linear system.

Iit brief, the kalman Filter can be quite useful in esti-

mating the state variables of nonline!ar systenis. Hco.-ever,I4
by mansofsimulation. When the 0Kaiv~an Filtet produces poor

estiatesof the statcs of a nonlinear systemo ingenious..:

chagescanoften produce a useful modified version.'

41 2-,
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II. FILTER EQUATIONS

The Linear- Gaussian Case

The Kalman Filtdr equations specify an estimate of the

I state of a linear time-?irying dynapical system observed se-

qentially in the presence of additive white Gaussian noise.

The equations used in the Kalman Filter are given below."

The derivatioh of these eqhations can be found in numerous

references (Rcf 1,2). The linear system is described by

where the comiponents of X i re the states of the system; F is

the system desctiption matrix'; and U is a white Gaussian

noise process that may represent either actual input noise

or inaccuracies in the system model., Observations reprO--

sented by the vector 2 are madk according to

where .M, the 7asurementnatrix, describes the linear combi-

nation of the state variables whichcomprise Z in the ,ab-

sence of noise, and V is a white Gaussian noise process as-

sPunedl-ndertendent 'of U. The covariances of U and V are de-

noted-Q and R respectively, and it is assumed that an a
C.

pribri estimate' of states, X has been made with error co-

viriance P.

wow 3

°, .9 . * , .S
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The filtering equations may be written as a set of pre-

-L I c-tio equations

H (3),

-kT +-c (4)

which describes the behavior of the estim~ate and its error

covariance betvieen Qbservations, and a set of oorxection/

equationg

N-X X+~~ - + K Z - 14 x (-J/ (5)

X -P 1.1 4 (MP (6)

which take into account the last servatio4i

and ()indicate-immediately rior to and iftr xeasurements,

and*# is the 'state transition matrix of equtation (1).' given by

*C~) e~t 1 ,2 2t+ . C L
(A)- 6-aI -FPAt + At

Data Needed for Kalman Filtering. Ini ord~er to employ 91e,,

Kaliah filtering process certain inforrnathon about the 'Sys-

tem. and -the stzofftical characteri-stics of, the input and

measurement noises must be known or hssumied. The fo lowing

data is required before the Kalman filtering pro ss can be'

initiated:

4
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1. System description orPmatrix fo l ausof time.

2. Sampling time at-

3. State transition matrix ± A)

4. Measureiiint miatrix m4.

5. Measuremnent noise covariance matrix R.

6'. Input noise cov~ariancemarxQ

X7. Initial state ,covarianceK trixp Ci-.

B,/ . Initial state estii Ee natrix XO C-

Iterative Procedure. he follom;ing is the iterative pro-

cedure for processing the KI'alman Filter.

1. Com~pute ate transition nuatriy.x (ACt), Eq -(8) .

2. updae state covariance matrix kl-)Eq(,usn

* -LA ~Ct), k()adQ

'3.* Coiupute the filter gain maatrix K, Eq (6),r using 114, P

C-) anCd ..

4o Com~pute estimate of state X(+), Eq (5), using the ob-

servation$,- !j, and

5. Update the state covariance matrix P(+), Eq (7).

6. The above comptvtational process is repeated each at

* -~ timei interval.

The 1"xtenCed Na1:;an Filter /

The Kalmian filter is a-n.lI variance filter derived

with the followin~g as sui:mrt ions:

K 1. The dynamics of the system are linear.

2. The observations are linear functions of the states.

3.. All of the noise sources and their statistical char-

acteristics are knowin.
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For Ale case of estitating the state of a ballistic re-

9ntry vehicle on the basis of noisy measurements, the Kal-

man theory cannot be applied directly. The system equa-

-
j  tions governing the vehicle are highly non-linear, and the

observation equation is non-linear.

If our knowledge of the system state is such that the

matrices

f(9)
ax

X -

am14= (10)
3x

- A

are approximately constant over the range of uncertainty in

X, then the state transition matrix, *, can be determined.

from equation (8) and the filter gain, calculated using the

redefined F and M matrices. It should be noted that F and

M matrices computed from equations (9) and (10) can be non-

linear functions of j.

These tochniques are only approximate. They require

that the disturb&nces, measurerent noises, and uncertainties

in the state be such a-size that the higher order terms ig-

nored in conputing the error covariance are insignificant.

SIf this condition is not satisfied, the application of the

Kalman Filter to nonlinear systems may be useless. Care
4 -

must be exercised in checking theoretical results by means

of simulation. Because the error covariance equations

6

K -
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provide only an approximate evaluation of the estimation

error statistics, Monte Carlo techniques ire required to

verify the use of the Extended Kalman Filter for nonlinear

systems.

S7

-j

C..

* 4

3 4:
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11I. EQUATIONS FOR ESTIMATION OF A BALLISTIC TRAJECTORY,

Coordinate System .

The problem of predicting the trajectory of a ballistic..'

vehicle can beNormilated in several ways., Foremost in any

formulation is the choice of a dyn:mically and computation-
ally convenient frame of reference in which to perform' the

operations and solve the problem. A logical choice to sat-

isfy this requirement is a referbnce frame which' is fixed

with respect to the earth., The coordinat" systemi2ch6sen

has the origin at the center of' the earth -id a vertical

axis passing through the point of acquisition of the target.
L

One level axis is down-range and the other level axi§ is in

a lateral direction. This system is essentially a tangent-

plane coordinate system fixed, on the acquisition: point. The

tangent-plane coordinate system has the advantage that two

of its axes are physically oriented to be nominallyin the

missile flight plane. The initial covariance matrix of

estimation error may be more easily defined and more gen-

erally applicable to all acquisition geoiaetries. The main
eC

,disadvantage of the tangefit-pldne system is that more com-

putations are performed during filtering to place vectors

on this frame. The tangent-plane coordinate system is shown

in Figure 3 and discussed in more detail in this chapter.

Equations of Motion

Once a reference frame is chosen if is necessary to for-

mulate the dynamic equations of motion for a ballistic

8
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* vehicle on these axes, The equations of notion for the ve-

hicle in the tangent-plane coordinate system are

Xa!j, p~ - 2[wyZ -

Y , p 11
-~ Y -

2 jw7iX - 4 Z']

Wy Y wxX+- Y+wzZ + a2Y(13)

wthere the symbols are defined in Table 1.

The state vector has seven conponents:-'

x

y

z

XX (14)

Y

9
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TABLE I

NOMENCLATURE FOR VEHICLE EQUATIONS OF MOTION

X - Down-Range coordinate .of vehicle

Y - Cross-Range coordinate of vehicle

aI

Z - Vertical coordinate of vehicle'

R - Distance from center of earth X+y2+z

V - Speed of vehicle = k + +
B - Ballistic coefficient of vehicle = _ WCDA ,0

p - Atmospheric density

- Gravitational constant

2 --Earth rate

I*Xr~yj z - Tangent-plane components of earth rate

Choice of Filter States

Once the linearized model is determined, it -is neces-

sary to choose what quantities are to be estimated by the

filter. Since the errors in the states of a nonlinear sys-

tern behave much more linearly-than the states themselves, it

was decided to apply the linear filter theory only to the

estimates of the errors in the states. Thus it is neces-

sary to formu]lte a linearized error nodel which is based

on the partial derivatives of the equations of motion with

respect to all state variables. It is this error model

which is implemented in the Kalman Filter. The state-vector

* for the Kalman Filter is then defined as

10
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The nonlinear system equations are-then rewritten as

x

2

R' 3_ 208 x (

W~ [W X + WY + W Z) + 2Yz x *Y

3 20 0y 1 0 0 0
R o o 0

0 o 0o 1 0 1 0

F 3 fxx X f z X X fei fX116)

fy Y yy f Y yz fy Y fy fYO

o 0'C 0 0 0 0 0
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* AX

AY

AZ

X AX 17)
0

AY

AZ

Al/6 ~ -

The differential equation for these etror quantities can

then be written in matrix form as

0L

where F was defined by equation (16). It should be noted

that although this is an error model, the system descrip-

tion matrix, F, the state transition matrix, #, and the ob-

servation matrix, !!, are functions of the total estimated

states. The total estimated states are determined by

numerically integrating the nonlinear equations of motion

and subtracting out the estimated error. Thus the total

states are being "controlled".

This is the fundamental difference between applying the

filter to a linear systerm and to the 'deviations of a non-

linear system.

Observation Eauations

Observationsof the re etry vehicle are made every at

seconds by means of a pha ed-array radar. It is now neces-

sary to decide which qua ities will be treated as observ-

ables. Measurements are 'nade of the azimuth, A; elevation,

12%S

. I ~,_1.

-7
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*. E; range, R; and range-rate, R (doppler velocity) of the

re-entry vehicle with respect to the aircraft coordinate

system. Figure I shows the geometry and gives the relation-

ship between the radar and the aircraft coordinate systems.

Since the filter is being mechanized as an error model,

it is necessary to treat errors in the observations.as the

measurements. Thus the "measurements" for the Kalman Filter

are actually differences between system-indicated and mea-

sured position and range-rate.

If the ,m, easurenent is not given directly in the compu-

tational coordinates, it must be properly transformed

through knowledge of the particular geometry. involved. The.

transformation can either be performed outside the Kaiman,

Filter or take place in the measurement matrix, M.

The vector of observables was chosen to be

x - X Q Ax

Yc -Y AY

00
z= zc - 0o --- (z19)

R- AR

where the subscripts "c" and "o" refer to co.mputed and ob-

served quantities respectively. The measurement matrix,-

M, is thus defined as

1 0 0 0 0 0 0

0 -l 0 0 0 0 0

140 0 1 0 0 0 0 (20)

.o 0 0 XR CXR CZR 0

13

4 -,-
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6''

Whex athe' three, non-zero elemenits in the last row are the

'diret'ion cosines between the X, p, Z t ectroane xes

and Vhe radar line-of-sight. i

• o snA + 0 22

s Then _j

- "=M X +W (21)

; ~where W! js°a vector of ,white measurement noises.'.-

The mhasureent noise covariance atrix, R, .s lfuntion-

ally dpeRn'est on the statistics of the sensor errors and
the orientation of the sensor. Since the Z. vector was

a

Schos to be the thee position errors and r e-rate error,

iZ 0 o i . AR

9

'elevation 1 and" range into noise in the three position
/ 9

• terrors .) 0

S.The relationship obetween t he position vector of the re-

~entry Vehicle in radarj coordinates is given by '

-a I

cos"EcosA

1a =- cos E~ sin A + 12

+ "Taking the differential of equation (221 yields

X -R cos EsinA -Rsin Ecos A cos Esin A AA

* ^f ° l- cos E cos A' -° R sin E sin A -cos E sinA AE C23}

.,",.a., .. 0 - Rcos E sinE A. R

Equa~jon 1(23) is defined as-.

"/AX. A MV ( 24)

... .15 .,

' I "
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Now, see that vA-
* T TEA (25)

where W is the three position components of the measure-

ment noise vector, V is noise in the radar position mea-

surements, CA is the direction cosine matrix from aircraft

coordinates to earth coordinates, and CT is the direction._

cosine matrix from the earth coordinates to the tangent-

plane coordinate system. The covariance matrix of the posi-

tion components of the neasureiaent noise, denoted R 1, be-'
comes

COllies. +,

T T E T E TR[CC AiR(C'C[C C A) (26)
R RI  = - ^1-A"-

/

/
where

' 2 0 0

T 2
R E 0 0( 27)

0 0 a2

The total covariance matrix for measurement noise has

the forr ' '

* I i

R i R12  R13 , 0

R2  , R22  R23  0 (28)

R 0!'' R;2  Re3  0

a / 2
0 0 0 0 "

R

17
4 II

.5 -
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* TABLE I I

* NOI2CLATURE FOR KALM4AN FILTER

A-kX - Down-range position error of vehicle

A- Cross range position error of vehicle

AZ -,Vertical position error of mehicle

A Azmt-nl fvhce eaiet icaLt

E Eaion angle of vhicle relative to aircraft

R - Range from aircraft to vehicle

X - Aircraft longitude

L - Aircraft latitude

Y - Aircraft heading

y - Aircraft -flight-path Angle

h - Aircraft altitude

RE - Radius of earth

CA - Aircraft-to-earth trans" orriation

C E Earth-to-tangent-plane tra .ormation

C XR*CYRICZR -Direction cosines between X, Y, Z axis anif radar line-of--sight
F-System Description Matrix,

0 S~tate T1"ransition Natrix

M - Measurem.ent Matrix

K - Filter coefficients Mat rix

P - State covariance Matrix

Q-I nput n-oise covariance Matrix

i- Measurement noiab covariance JHatrix

IA
1' 40

18
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* Linearization About Estimated Trajectory

So far it has been assumed that a nominal trajectory is

w available for linearization purposes. A procedure similar

to that suggested by Schmidt (Ref 4) is used to eliminate the

need for the, assumed trajectory. As mentioned previously,

the total states are being controlled. The total estimated

states are determined by numerically integrating the non--

linear equations of motion and subtracting out the estimated

error.-, The control equation is
A¢

- (29)

where X contains the estimates of the total states and A,

te errors in the states. Thus, we are always lineariz ig

iabout our estimated trajectdry, This could cause large

. ... errors, initially ;in -the liniarity assumptions since the

,initial estimated trajectory could be way off. However,

the estimates .Imnrove rapidly and .the assumptions become

val jic.

/" Filter Equations Simplification

Not only does this techniqpe provide a good "nominal"

trajectory to linearize about, but it also provides a sim-

plification of the Kaiman Filter equations. Equation (5)

can be written as

In~' -n 3 +!inl X # (30)
A . n~l~n ~ ~~nl 1 n+l -In+l !n. . , ._,1o

V

'° 19

t,*' • o°' f €"
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Since the total variables are now being contiolled in addi-

tion to being estimated,

A,
X =0 (31)

Immediately after the measure.ments are made, the next esti-

-mate of the system errors is given by

A
X Zn+l (32)

The simplification eliminates the need to compute cn X and-n-n

!!n~ ±J* The matrices 4' and L14 ard, horwever, still-n

required for the calculation of +i"

This completes the necessary equations for implementa-

tion of the Extended Kalman Filter. We must determine the
A

initial values for the estimated-trajectory X and values
for the initial state covariance matrix P-o as well as de-

fine the tangent-plane coordinate system which-is the com-

putational frame for filter mechanization.

Initial Estimate Of.Trajectory

To apply the Kalman Filter, an initial estinate of the

state of the nonlinear system and the covariance matrix of

errors in this estimate must be available. A reasonable

way of obtaining this is by use of the least-squares fit to

a polynomial. The coefficients of a second order polynomial

were determined by

20
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ao  N iti  It I X

it aI  = i  It t I EXti  (33)
A 2

A2  it.i It. Et. 2.t
1_ 1_ 1- -- 1

where the summations are from 1 to N. Coefficients of Y anid

Z %..,ere obtained sinilarly. Note the inverted matrix is the

saue for all three cases. The values of X, Y and Z are th(

co;iponents of the position vector from the aircraft to the

vehicle expresseO in earth coordinates by rotating the vec

tor through the aircraft-to-earth direction cosines CE.

Thus the polynomial fit is applied to the three earth com-

ponents of the vehicle trajectory.

The vehicle is nominally tracked or four seconds befbre

the coefficients of the least-squares polynomial fit are

calculated. Then, estimated position vectors of the vehicle

in earth cOordinates are calculated for time equal to zero

and time equal to four seconds by

A ~ . A t+A 2
X(t) = + a t

A ^(34)

A A 2
2(t) co + c t + c(t

A ,1 2 A 2 2
Rlt) t) + Y(t) + Z(t)

These two position vectors are used to establish the

tangent-plane coordinate system and the direction co-T
sines from earth-to-tangent-plane, CE are calculated. A

EL

21

-. . -- .. '.



GGC/EE/69-15

velocity estimate at time equal to four seconds is calcu-

lated by
A
* A A
X(t) = a + 2 a2 t

AAA A A

Y(t) b I + 2 b2t o (35)
A /^

A A

Z (t)- cl+ 2 c2t

where these equations re the time'derivatives of the poly-

noials in equation (3/4). The cor.j:onents 'o£ position and

velocity are then rot4ted into the tanaent-p.Jane system and

become the initial c ndltions of the estiiated states fo. -

the start of Ialmanj iltering.

Initial State Covar ance Matrix

A technique ex sts whereby the covariance matrix for

the estimated stares can be determined from the variances.

assumed for the zadar systea (Ref 6). However, these esti-

mates are not critical to the process so long as they are

not grossly und~restinated. Studies shoe that it is better

to overestizte the error for self-correlation terms rather

than to under' stimate, whereas, it is better to underesti-

mate the cro s-correlated terms. Thus, we choose to set all

cross-corre ation terms equal to zero, and calculate the

diagonal terms by

P 11= P2 2 = P3 3 
= (ROE) 2

RE2
P = P5 = P (36)

P77 -read as iut data

22
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ZTi

YTP

Figuto 3 TANGENT PLANE COORDINATE SYSTEM
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where R is the range of the vehicle from the aircraft, 'E

is the rms value of, elevation angle error of the vehicle,

and At is the tracking time for the least-squares fit.

Elevation error was chosen because it is generally larger

than, azimuth error. This technique has proved to estimate

position error about 50 percent high and velocity error

about 100 percent high when conp-ared to the. fitted error

for the geometries and radar errors considered.

These initial guesses could use some refinerient since

our studies have shown the dynaic response of. the filter

to be a function of P -

Determination Of Tangent-Plane Coordinate System

* / -,In the analysis, radar measurenits were collected

*' nomiinally for four seconds. This data- was used to form

preliminary least-squares curve fits to the trajectory

for the purpose of. obtaining initial position of the ve-

hicle at acquisition and acquisition plus four seconds,

as described previously. Denoting the position vectors,

* in earth coordinates, at tines zero and four seconds, as

R and R- resrectively, the product
- I

=_ _ i(37)

defines the unit vector which is normal to the trajectory

plane and along the Yip axis as show-n in Figure 3. The

product

24
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in-6R (38)

defines the unit vector which is down-range and along the

XTP axis. The unit vector- in the vertical direction is

simply

-o (39)

Thus, the tancient-plane coordinate system, w ich is the

courutational ,frame for the Kal.man Filter, as been estab-

lished.

Coltqonents of these vectors on ear coordinates fro.,-

a direction cosine matrix Ci between t e earth and the

tangent-plape coordinate systens, .where.

8 6X 16y, I6z

T4 1i X iny I ( (40)

vX vY vZ

The', transformation between aircraft and tangent-plane

/ is sir:ly

ST T. C 1)n
CA =e. =A

Any inversion transformation is simply the transpose

since direction cosine matrices are orthonormal.

25
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" the non-tinear states that arje corrected by the KaJ..5an f ii-

• .., "ter error estimates. The prediction result is. evaluated by

~~comparing it to the reference trajectory (Figure 8 through .

i"]Figure 191. - -..
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is at, s4?mu

,Configuratio is.oonstructed so that the-vehicle is

always approahigthe aircraft (Fgr 7) This conifigura-
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-r"~ange-rate informnation for the enitir6 pcbriod oi observa-tlon.
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The position errors, Figures (8,11,14,17) show the actual

q position errors between the reference trajectory and the

estimated trajectory. Also, three plots of position pre-

diction error are shown as prediction was started with the

MISSILE GROUND TRACK AIRCRAFT

GROUND TRACK,

L_ Figure 7 Aircraft-Missile Configuration B

information available after ten seconds, twenty seconds, and

thirty seconds of processing data through the Kalman filter.

One would expect better prediction results after more data

-has been processed. However, by inspection of position

prediction errors for Configuration A, Figure (8) and Figure

(14), this is ,not always the case. In order to explain the

4effect of inoreased position prediction error after more data

has been processed, the velocity.'errors and the estimated,

ballistic coefficient must be "examined at the start of pre-

diction. In either the high or low ballistic coefficient

case, the velocity error decreases .at first, then increases,

and finally decreases again. During the period of the first

decrcase, the missile is above the atmosphere and an incor-

rect estimated ballistic coefficient has no effect on the

trajectory. As the missile entersthe atmosphere with an

incorrectly- estimated ballistic coefficient, the velocity

error starts to increase due to the functional relationship

31
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between the velocity of the missile and its ballistic co-

efficient. Also, during the period of increasing velocity

error, the range-rate is approaching zero as the range fromt

the aircraft to the missile approaches a minim-um. As more

data is processed through the Kalman filter, the estimted

value of the ballistic coefficicn -t nears its actual value

and the velocity error decreiases.

For aircraft-missile Configuration P~, there is an ex-

pected asyripotic decrease in the velocity error, due to th---

avfailabiity of non-zero, ranac-rate durin ; the entire tracX-_

.ing period. Hiowever prcdictian errors have not silrjficantly
improved 'ove yfg-ration A b-cause durng9 pcccio

the value of the estin'ated ballistic coefficient is

i incorrect. The prediction errors d1o not increase as

rapidly At thestart of prediction as in C'onfic-uration A,

but sti~.l do increase., The delay in the error build-up

is due to- the smAll velocity error at the start of prediction.

( 'However as prediction continues an incorrectly estimated

ballistic coefficient causes the velocity error to increase

rapidly thereby increasing the position errors also. One

may conclude that no matter how- accurate' the position and

velocity of the mnissile, is know-n at thec start of pra-liction,

the prime clement' in the prediction problem is the ballistic

coefficient. in oreer to arrive at any firm conclusions a

parametric study miust be m.ade; such as, accuracy as a

function of trac~ing-tinc, 'trackingj gco-ietry, and a -ricri

information,

F 006 31
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DATA H1/6-/
Koo

* . ~ ~ 10 IsDLom(I

CALL bN

RETURN
ENTRY TRA~JH

o 040r XC-PX
I I FrKNE.0I sE AKJ 150#500116

4S.~14K -w I i- :

00 70 j*,pm.

Do DIJAiDij.1)

X -XC4*VOIH
* CALLOOSAT

2.- 0#91-40- 1

TEi,t 0I, I.odk4 . #0 1

'-CA.LL DERT
3 00 3 a* -

W,491011 951

CALL 0ERT'~
00 4 1*1.6'

DO 100 1-1014'0. -

-~CALL OERT 0 /

S 0(19518Y0(i) l~
MUCTURN

I10 00 ISO 5*1.14

[ 00.120 JUI94
220 v1IJsm0fI.*1

130 M. SO0191

.0 CALL DENT
.0 0DO & 16196 ,

0* 0 40~.51Y1II 0' o L~'49

r ~ 1 '



14 -sat** 22
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-IF ' O 2 'IIW I

41u I I'

C1 UIVAN.213 .44?) I I*'I181
i3t4otw 1fKlJISU19C4941

2 ~ ~~~~~~~~~ IC619p vC,22#W 9'21

4. 10 * AD .9511O fIVII.1)3ZO It/

* £ .5 *vbul ~ rvz~z

4'oSR ' 'p -~m

*4 4 21.Y*Y

* rV

2 , 4 y

42 I~' - 2

VX4G .. ' o4iyv-w t~lWtSUIX*I2

* -GY-PV-20_W*VXW* I- Y,*faYWE

b .G*-*Z-.*IXV-W*X o .XSMi4wl

4 RETURN
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SI6FYC PLANte DECK
C
C SVBROUJIME PLANE - AIRCRAFT OEL - ENERATES AIRCRAFT POSITIO 1 A1MD
C AIRCRAFT-TO-EARTH DIRECTION COSINES
C

-SU TMEI PLANEN
COPMM C1999)
REAL LAT*LOMGeLATR9LORftR
EOIJIVALENCE IC11Z6soLAT StgC91271#LONG 1#IC1ZB),HP to

1 C(12919HEAD SIC9130)#VP I#IC(137)tAMA I#
2 £C(13119XEP )I(C113219YEP WeC913310ZEP It
3 ICI134)*VXEP )*(C11353.VYEP 3.(C11361#VZEP I#
4 (C1O4219CAE11 lo1CC04419CAE12 3.1C10473.CAE13 it
5 IC(0423.CAE21 I*IC(O45J.CAE22 )vfC1048)sCAE23 3.
6 IC9C43).CAE31 191C(046)#CAE32 1IC(049)#CAE33 to
1 ICIO1).RE I#ICIOOlJ.T I
DATA COTR/1,7453293E-2/
LATR=LAT*CDTR
LO P. =LCKG'CDTR
HEADn=i1EAD*C~1 R

SLAT- 1(LLAT7a
CLAT=C059LAT..;

C
C CALCULATE INITIAL AIRCRA.FT-TO-EARTH DIRECTION COSINES
C

C41 1=-S44rAISL.CSLATCEADCLIM
CAE21-SflEAD*CLOftG-SLAT*CHEAD*SLOIG
CAE31 =CLAT*CHEAD
CAE12=CIHrAD*SLOI:Ge-SLAT.SHEAD*CLONG
CAE22-CHEAD.CLO0G-SLAT#SHEAD*SLON16
CAE32=CLATRSHEAD
CAE13=CLAT*CLONG
CAE23=CLAT*SLO9G
CAE3t)SLAT
R=RE#HP
XO=CAE13*R
YO--CAE23*R
ZO=CAE33*R
XEP=XO
YEO-YO
ZEP=Zo
VXEP=CAEII*VP
VYEP=CAE21fVP
VZEPsCAE3I *VP
RETURN
ENTRY FLAKE

C
C -CALCULATe NEW AIRCRAFT POSITION

IF (VP.EO.0.OJ RETUN

YEPxYOi-VYEP*T
ZEP=ZC*VZEP57-
P2=XEP*XEP+YEP*YEP
P=SORTIP2)
RxSORT £P2*ZEPOZEP)
HP=R-RE

C
C UPDATE AIRCRAFT-TO-EARTH DIRECTION COSINES

.jC

El la-YEP/P
E21-XEP/P

E13=XEPIR
E23=YEP/R

E32=P/R
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VExE1 19VXEPE21*VYEP.E31*VZEP
VX=E12*VXEP+E22*VYEP+E32*VZEP
VA=E1SNVXEP+E23*VYEP+E33*VZEP
.VII2SORI IVE*VE*VN*VN I
SHEA~VE/VH
CHEiD-Vn/VH
GAI4MA=ATAfI2IVRsVHI
CAEII=E11' SHEADeE12*CHEAD
CAE2I .E21*5iIEAD-E22CHEAD
CAE3luE31*S#IEAD+E32*CtHEAD
CAE12=-E11tCHEAD+E1 2*SHEAD
CAE22=-E2 1 CHEAD+E22*SHEAD
CAE32=-E31*CHEAD+E32*SHEAD
CAEI 3=E13
CAE23=E23
CAE33=E33
RETURK
END

52



GGC/EE/69-1 5

SIBFTC RADAR. DECK
* C

-C SUBROUTINE RADAR GEN4ERATES RADAR MEASUREMENT DATA

SUBROUTINE RADAR

DATA CRTD/57. 295779/
EQUIVALEIUCE f((1O1#XEK lo(CI1OZIYEN JOIC11031OZEN 1:I£CII04loVXEM IsIC1O51vVYEN WC41OEIVZEN I.
2 IC(131)#XEP )#I.C413Z)#YEP W.C413319ZEP It
3 IC(134)#VXEP lo(C(135).YEP I,(Cl136JVZEP It
4 fCl041lvCAEll')#(C(04oCAEI2 )eIC1O47)PCAE13 It
5 (C1O42JeCAEZ1 I.EC(O'iS)eCAE2Z lo.I048)#3CAE23 I#
6 (C(O433.CAE31 lotCIO46)#CAE32 3.IC4O49)iCAE33 to
71CIO67)YJEPSAZ )tC1077)tEPSEL 3.(C(OS7)#EPSRA lo(C1097)#EPSRR 3.
S(CIO1'AZ loICMOOPEL 191CC49)#RA, )#ICI11003,RR I*
9(C(040)PAZD 3,1C(05O)#ELD I
X=XEP.-XEP
VYYEM-YEP -

Zs*ZEI1-ZEP
VX=VXEII-1'XEP
VY=VYEfl-VYEP
VZ=VZEft-VZEP
XA=CAEI 1*X4CAE21'tY+CAE3I5Z
YA=CAE12*X4C.A22'rY+CAE32*Z
ZA=CAE13f5X+CAE23tY+CAE33*Z -
AZ=ATANZ (-YAXA) .EPSAZ
XYR=S(JRT (XAIXA+VI.*YAI
ELAT~m2(ZAXYftE'SfL
R=SOltl £X*XY*Y4.Z~Zl
RA=R4EPSRA
ItR=IIX'VX+TfVY+Z*VZ 3/R)sEPSRR
AZO-AZ*CRTD
ELD=EL*CRTD
RETURN
END
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sI8FTC IGUES. DECK
SUBROUTINE IGUESI
COMMON ((9993 -

EQUIVALENCE (C(03IJ9CETII ),4C103419CETIZ 19IL(03719CET13 3,

I C903219CETZI 3,(CtO35IvCE122 )#(C1O381,CET23 3t
2 1CI03319CET31 le(C(0361.CE132 ItIC(O393,CET33 It
3tCl013)tViE ).(C10213,W. Jo6C10223,WY )9(C(OZ33,WZ Is

I.(C(0411#CAEI1 I&IC(04419CAE12 3.(C10473.CAE13 3t
I(IO'23,CAE21 3IC1O453,CAE22 3.(C(0481,CAE23 I#

6 IC(043)#CAE51 J,(C(0461,CAE32 3.1C4049JqCAE33 3#
7 (C(1411hXTP )t(C11421#YTP 3.l(14319ZTP I,
9 (C(1443,VXTP 4v(C(1453,VYTP )9(C1T'4619VZTP I,
91C(009)*TK lt(CIOCI3,T )9IC(ooe3,1TvKF 3,
16Cf07C3,AZ IvfCfC903,EL 1.ICIosCIRp 3.(CIO11),RE I,
2 IC9(1OXE' 1*Ic(1C23,YiV. 3,tLI33,?:K to
3 (CI1043sVAE14 )*(Cf1O53,Vf'LM 19 (L 410619Vc Ell 3,
41(IC7)93ETA lo.C1013EEETA 3.(C116919SIGEL 3.(C0I, O3,b1Ga It
S(C(40119PPII )#1C14033.PP22 3,IC(1-06JPP33 3,(CI41C)9PP44 i,'
6(C(4A351,P55 lsIC(4213,PP(,4 6 3,(Cff4282.PP77It3

$ (C(123)%VXT0 )9(CIJ243,VYT'X 3,(C(I253,VZTM

C INITIALIZE THE ROJTINE
C

1O=7
DO I 1=1,!

BX(II=O.O

B ZCII=D.o
D0 2 1=1,6

2 A(I1sO.O
XOA=XEM
YOA=YEM
ZOAwZEI4
RETURN[ COMTEOSTONI EARTH COORDINATES FRO4 RADAR OBSERVATION'S

XA=RA*COSEL*COS( AZI

ZARA*SIX( EL )+RE+HP
X=CAEI 1'XA+CAE12*YA+CAE13*ZA
YsCAE2i*XA4CAE22*YA*CAE23*ZA
Z=CAE31*XAGCAE32*YACAE33*ZA

C
C, LOAD MATRICES FOR LEAST SQUARES FIT
C

TZ=T*T
T3=T2*T
A(I3=A(1)+1.O
A(2)=A(21#T
A(33=A(31.T2
A(53zA(51-T3
A163=A(634T3*T
8xf1134X(1)+X

6X(21z8X(2)+X*T
BX(3)xBXf33.X'T2
BY(13xey(1II+Y
BY(21*5Y(21.Y*T
8Y13)mYI334Y*T2

8Z12Iz8Z(23,Z*T

IFIToLT*ITTSKF-O.00051)3 RETURN
A941 sA(3)

C
C COMPUTE CFFICIENTS OF POLYNOMIALS FOR~ LEAST SQUARES FIT
C

CALL SINV(Av39I.OE-5vIER)
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CALL MPRUIA*BX*AX#3.3.1.O*11
CALL KPRD[AoBY#AY*3#3*1#O.11
CALL MPRDIAtBZoAZ*39391.O.1 I

C COM4PUTE ESTIMATED POSITION AND VELOCITY AT TIME T

VXl*AX321*AX(31TZ

Y~zAYI1)+AY(21*T#AY93$*TZ
ZINAZ4 I*AZ(21*T+AZ13)'T2

VY1=AY921*2.O*AY(31*T
VZ~xAZI2142.O*AZi'3*T

C
C COMPUTE ESTJCATED POSITION AT TINE TO
C

XO=(IAX(31*TO)*AX(23J&TD*AXI1)
YOz(AYI3)*IO)+AY(2)O4 0AYI1I
ZO-(IAZ(3)*Tb)+AZ(21,.TOAZr1,

C
C ESTALL154 TANGENT PLAflE CO-3PDI1KATE SYSTEI AND COMPUTE DIRECTION
C COSINtES FOR Et.TiI-T-TANSENT fLANE- COOADII.ATE TRAKSFORI.AT ION

C1=YO~Z-rlY1'ZO
C2=ZO*X1-XO Z 1
C3=XOsIYI-X1cyo
D=SORT (C1*C1,C2*C2+C3*C 33
CE T2 1=C /D
CET22=C2tb
CE!23!-C3/0

C2-CET23*XO-ZO*CET21
C3=CET2 1*YO-XO*CET22
D=SORT (CI*C1.C2*C2.C3*C3 )
CETII=C1/D
CET12-C2/0
CET13xC3/D
DuSORTIXO*XO+YO*YOZO*ZOI
CETSIXOID
CET 33-ZO/D

C
C COM4PUTE COMPONENTS OF'EARTH ROTATION IN TANGENT PLANE
C

WX=CET13WIE
WY=CET23*WIE
WZ=CET33*WJE -

C COMPUTE INITIAL ESTIMATE OF POSITION AND VELOCITY FOR KALMAN FILTER

XTP=CETII*X1+CET 12*YI*CET13*Z 1
YTPzCEr21*X1,CErZ2*YI+CET23fZl
ZTP-CET31'XI+CET3Z*Y1,CET33rZ1
VXTP=CET11*VXI+CET 12*VYItCET 13*VZI
VYTP=CE121'VX1+CET22*VY1.CET23*VZI
VZTP=CET3I 'VX I+CET32*VY1+CET33*VZI

C COPPUTE DIFFERENCE BETWEEN ACTUAL AND ESTIMATED VALUES
C OF POSITION AND VELOCITY
C

DXO=XOA-XO
DYO=YOA-YO
OZO=ZOA-Z 0
DXI=XEM-X1
DY1mYEF4-Yl
DZ1=ZEM-ZI
PVX 1SVACM-VX I

DVZI=VZEM-VZI
DBETA=BETA-EDETA

C
C COM4PUTE INITIAL VALUES FOR STATE COVARIANCE MATRIX
C

SIGR=5I(EL*RA
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SIGR2=SIGAU*SIGR
SI GV=SIGR/T
SIGV2zSl6V'SIGV
IFISI6B.EQO.Ol0 5168=100.0
PP11=SIGR2
PPZ2=SIGR2
PP33=SI(CR2
PP44=SJGV2
PP55.SIGV2
PP66=SIGV2
PP77=l.0/(SIG8'S1681

C
C OUTPUT C0NOITI(tS FOR START OF bKAL14AN FILTERIuG
C

WRITE(69600) AXtAt.AZ.XOAXOoX09YOAoYOOYZOAZO#rDZ0.1,XEMXls
IDX1.SIGRYEM.YI.DY1.SIP,7*..Ll.DZ1.SIGVXE--4,VAI.DVX1.SJGV

- 2YEMVY1DVYSIV VZEM*VZIsDVZ19SIGV 9SETA9E6ETAvObErA95JGB
60C FOR'.AT(ISHILEAST SOUARES FIT/IHA,62X,1H2/7H X IPE14.1.5H+

1E14*7974 T + 9E1497sH T/1HA,62X,1H2I7h Y *E14*7#SH4 +
2E,4.177 T + #Ei4*792M TI1Hl.62X.l!2/7H Z ,E14.7*5H 9
3E14.771 T 4 sE14#792H T//IP'A*14X,6HACTUiALs11X9iiEST.AITE),
46X,1Ot!'DIFFERECE1OX5iiSGA/17eO~iI4E =0 SEOSTo =93E1C.7
5/7HCYC co3E18.7/7H-OZO =,3Ele.177WTWYE =vCPF5,.Lzib SECONDS$/
67HAXI =v1P4E-1fi.7/7t~oY1 '-4E18.7/7hoZl =94E18.7/71nAVXl
74E18.7/7HOVYI =*4El8.7/7H0%,. =o4E18.7/7HAbElA =94CI8.7)

C
X7M=CETI 1*XE*4+CET1Lt*YEM.CET13*ZEM

I, - ZTMi=CET31*XE~t+CET32*YEu.4CET33*ZEM4
VXTK=CETI 1*VXEM.+CJT 12*VYEM.CET 13*VZEV41. VYTN=CET21*VXEM+CET22*VYE1M*CEI 23*VZEM
VZTh=CET31*VXE44ZET 32*VYEM.+CET33*VZEM

CALL C014PAR
CALL OUTPUT 5-
TK=T
RETURN
END

56



GGC/EE/69-1 5

SIBFTC KALM.
C X ITIi) STATE VECTOR (TANGENT PLANE$
C z (4XI) VECTOR OF 3BSERVABLES
C K 17X41 FILTER GAIN MATRIX
C R 1~4n) MEASUREMENT MOISE COVAR1ANCE M4ATRIX
c PE 47Xli FILTER ESTIMATION COVARIANCE MATRIX.
C PP 97Xii FILTER PREDICTION COVARIANCE MATRIX
C PHI 17xi . STATE TP.ANSITI'M# MATRIX
C PHIT 17X7) TRANSPOSE DF STATE TRANSITION MATRIX
C F 97X7) !SYSTEM DESCRIPTION MATRIX
C OXEST 1lXI) VECTOP OF OPTIM4AL EST1IMATION OF ERRORS IN STAIES
C CET (3X31 DIRECTION COSINES IEARTm-TO-TARGRT1
C CAE 03X31 DIRECTION COSIMES (AIitPLANE-1O EARTH)
C CAT (3X3) DIRECTION COSINES (AIRPLANE-TO TARGET)
C PAD77 (7X7) S<qATCH PAD
C PAD14 17X 4) SCRATCH PAD

SUBROIJTI%E CALJVAI
COMMON! Ci9991

REAL K-(7v43sK44#'45.146.

IF(79i),LXE'ST(7),CE7(a.3),CAEI:3.3)sCAT(393).PADl7(7.7).PAD74(7,4),

ECUIVALEI.CE iC(C.3119CET ),(C(04l3,CAE )9(CI05119CAT li,

3(C1.2C1)vF l9(C(2.'1),P-I lsfC(301)qPE lt(CI351)tR 3.

W4C36119M44 ' )*iCi362)9V.45 191C93403"14"46 'IIC(!?21,D I*
61CII40loE8ETA lt(C(128),14P )9(C(488)*PGC4T IsIC('.O1)#PP It
7(CI168)*SI6AZ )9(C116919SIGEL )9(C(270)*SIGRA IsIC417119SIGRR It

X(C(137)9GAMMA I,(C(0I5J*EPS ).(C(13819SEPR lt(C(139)#SEPV It

9(CI1481.H )OIC(1A9)*V 1
ITTDT2o,(C(955)#SEPRI1 )4C(956)tSEPVI I

SIGR2wSIGRR*SIGRR
EPS2zEPStEPS
X(71=1*0/EBETA
RETURN
ENTRY KALMAN

C
C COMPUTE THE SYSTEM DESCRIPTION MATRIX -F
C

CALL SDM
C
C COM4PUTE STATE TRANSITION M4ATRIX - PHI AND PHIT
C

CALL MPRDIFtFoPA07797979O.O,71
DO 11 1=1.7
VC 10 J=197

10 Pri1(loI=JF(19J)EDT+PADl77(IJ)*DT2
11 'PHI (I q )=1.O.PHI (I #I I

CALL MTRAIPH-IIPHIT,7979O)

C
C UPDATE FtLTERt ES1i14ATION COVARIANCE MATRIX -PEI

CALL M7RD(PHrPP#PAD77s797909I97)
CALL MPVhD(PAD779PNI TPEv7,7vOsOvl)

DO 15 1=1.7
15 PE(19,J:PE(I.I)4R(1)

DxDETIFEs7l
IF(D*EQ.O00 WRITE(696001

600 FORPAT(ItfA,OX10n*********.1IOX.35HSTATE COVARIANCE MATRIX IS SIN

IGULAR *1OXe1OH-*********I)
C
C UPDATE MEASUREMENTI MATRIX K
C

SA=SIN(AZI
CA=COS(AZ)

SESSIN(EL)t
CE=COS(EL)3
CRAI=CE*CA
CRA?=-CE*SA
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CRAS-SE
CALL MPROICEToCAECAT93*39O0031
M4A=CAT(1,1)*CRAI1GCATI1.2)*CRA24CATI 1.33*CRA3
M45=CATI2911fCRAICATI22)WCRA2+CATI2,31*CRA3

M46-CATI3,I)*CRAICAT32)CRA24CATI3,3)*CRA3

C CALCULATE THE MEASUREMENT NOISE COVARIANCE MATRIX -C
C

RSIGA=RA'SIGAZ
RSI'6E=RA*SIGEL
WI =CRA2*RSIGA-SE*CA*RSIGE RA1'S1GRA
V(2,=-CRAI*RSIGASE*SA*RSI .ICRA2*SIGRA
VI3)=CE*RS!GE+SE*S1GRA
CALL MPRDICAY*WCV,3,3,OO,1)

C
C COMPUTE FILTER GAIN KATRiX - K
C

D0 20 1=1.7
20 A(194P191 4tE51+4*E61

O(2)=PE(I92)+CV(3 )*CV(21
013)=PE(2,2)+CV(2)*CV(2)
0I4I=PEI1.3)+CV~l) CV(3)

Ol6Ij=PE(393i+CVI3I*CV(3)
0(71=AI1)
0(81=A(2)
019)=AI 31
01061=M44*A(4),W.5*A(54F46*AI 6)
CALL SINV (0#4,.oGE-C5IEP.)
DO 22 1-1.7
DO 21 .1=193

21 PAD74dIJI=PEIipJ)I
CALL MPR~lPAD74vOPP74*7.4%0,1,43
CALL NTRAIPAP74,PA047,7.49OI
CALL MPRD(PP14,PAO47,PAD77,7,4.0.0.71

PAD74(11 =3PA74(1v1 JeEPSIL PA074(2,21-PA07412.2)*EPS
PAD74(5v3J)PAD74(393)JM4EPS

PAD74(594)=PAD74I 594)+Ml.5#EPS

CALL NPRDIPAD74*0,KP7,49091941

C UPDATE FILTER PREDICTION COVARIANCT MATRIX

00 30 1=1.6

32 PP(l)-0.0*ES

1)0 31 1=710

33KK=K1e1

SP1=SQRPP1)ePP33PP6
SPV15=PPR(Pp4l*PPP(51p(5+P15*P2
SP1=SORPPI1OI+PI5IeP(1I
PP2.-P C~t4

PP(20=PP11)*58

PP(19-PP(1)*N4



GGC/E1E/69-1 5

*C INTEGRATE THE EQUATIONS OF NO0TION

CALL TRAJK

* C CALCULATE OPTIMUM ESTIMATE OF ERRORS IN4 STATES
C

REHP=RE+HP
Z(I1)XE1I-M44*RA-CAT(1,3)aREHP
ZI2)zX(2)-M45*RA-CAT(2v34*REHP
Z(3)=X(31-P.46*RA-CAT(393)*REhP
Z(4t=M44*X(4JM45*X5)P46*X(6VP*CRA*CO(GA4MA,SE*SIt(A4A,,
I -RR
CALL MPP.DlK*Z9DXEST#7,'ieOOI)

C
c UPDATE STATES
C

DO 40 IzI#7

NH=SORT(X(I'*X(II+XI2)*X(2j.X(3)'XI3J 3-RE
V=SCRT(X(l ).X44)X(5)*X(51+X(61-iX(6, )
ELETA=1.D/X(71
RET URN

Ep4'
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SIBFTC SON& DECK
C
C SUBRXo.TINE SON COMUTE HE SYSTEM DESCRIPTION MATRIX FOR KALMAN FILTER

SUBSROUTINE SOM
-ComwMO C(91
REAL NQ
DIRENS1O6I F(71

*E9VIVALENCE. (C(Oll)*RE ItIC(012)*MU lt(C12011*f 1.
I . C(l1hX ft(C114219Y 3,(C(l&3)t2. It

2 IC(l4JVX lo(C(14519VY lo(C(1461.VZ I#
31, C(14719ALPHA J.fC(013)9WIE lt,(C(014hoWIE2 It

A (C(021)vWX 3.(CI0221,WY .CO3Z 3
R=SORTf (XXY'YeZ*Z3
V=SORT IVX*VXVY*VY4VZ*VZI
'6=MU/R**3

- CALL JfTMOS(HRI1OtPkHO)
.DO.5*Rh4OzV*ALPHA

vT3=D/(V*Vl
T4--D/ALPHA
TX=T1*X-T2fVX
TX3-T3'VX
F14911x-6G+7X*X-WX*WX+WIE2.1 FI492tr TX*Y-WX*UY ..

F(4#31% TX*Z-VXI'dZ
F(4#4)&-D-TX3*VX
~F4954a -TX3*VY42*O'WZ
F44961s -TX3*VZ-2.0*VY
F1497)T*VX

r - TY-l'Y-T2*VY

F15.lis TY*X-WX*WY
(FI 592)-GTYY-Y*WY+WI E2

F15,3)o TY*Z-WYOWZ
FJ 94)w -TY3*VX-2*O*VZ
F(S*Slu--TY3*VY
F(596iw -TY3WVZ2*O4WX
f(597)T4*VY
IITkT*Z-T2*VZ
TZ3xT3*VZ
Ft6#11S TZ*X-WX*WZ
F(692)z TZ*Y-VY*WZ
F16.33 -G4TZ*Z-WZ*iZ+WI E2
F16943= -TZ3*VX,2*VY
F(695)s -TZS*VY-2.*V*X
F16v6)xODTZ3VZ
F(6971T4*VZ
RETURN
END
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1I8FtC IfRAJK. W~4K

C INTEGRATION ROUK1NE FOR KALMAN FI*TZR TRAJECTORY - 3

C DOUBLE PRECISION RUNGE-IWTTA
CI

SUBROUINE TRAJK,
* CONI4ON C(999-

EOIPfAEN ( C(141)*X lo(CIl5lI,%0 I
DIV~ENSION XN(6)tX(619'XD(61
DOUBLE PRECISION4 XP4.C1(619C2163.C3(6)

I XN(11'D6LE(XgI,)I
TC-T
CALL DERK

-DO 2 I116

XN(II'.WX(I) -t~(J

'2 -

T=IC+a,51;1 3

CALL D,-v1-
00 3 I11,P

3 3 X(I= SL(flh1))
CALL D-Z;
00 4 11,s6
C3(11lHbXDI() 3

3 4 K(II=SlGL(XN(I)J
TwTC4H
CALL 0ERK ~
XN41)uXtt(I)-C3(IS4.16666666 666666667*(C1~l).2.D0*(C2tI)4C3(iI2

444*XjZ(1S1
5 X(IIShL(XN(1Ij

RETURN
END

$JBFTC'DERK. ~.DECK

C SUBROUTINE DERK PROVIDES THE PERIVATIVE LIST FOR lTHE II4TERGRATION
C 'ROUTINE IN'KALMAN FILTER -TANGENT PLANE
C

SUJBROUTINE DERK
* o'yoN C49991
* REAL MU

EQUIVALEACE (C1141I.X lo(CU14219Y ).(C114319Z IO.*
1 (Cl144)vVX lof-C(145)OVY 19AC9146),VZ Is

2 CI147)@ALPIA loEC(O11),RE It
3 £C(0211,WX Iv(Cf0223.VY )9(C1O2319WZ 1. 3

4 ICIO1?I.MU lo[Cbolg)*WIE 1.(C.014)*WIE2 It
5 .( C(151)0XD )9(Cf152),YD )p(C(153)qZD )v

6 CI154tVXD ,.fCfl5s)#VYD lt(CI15619VZD I
RsSQRT(X"'.+Y*Y+*ziZ

,Vx$CRT(VXGVX.VYIIVY.VZ*VZI

Ou-MU/(R*i31
3 . H=R-RE

CALL ATM0S(H#RHO.*GAMAI
DsO*5*RHO 0,V4,ALPIIA
SUMUVXX+VY'YtbIZvZ

* XDsVX
VD=VY 3

ZDuvz
VXc.-6G*X-D*VX-2.O. (WY*VZ-VZ*VY )-WX*SUM+X'vIE2
VYDs-G*Y-0'VY-2. O#I WZ*VX-WX'VZ S-WY*SUM.YfWA E2
VZDu-G'Z-D'VZ-2.O*(UX*VY-WY*VX J-VZ'SUM.Z'WIE2
RE TX3RN
END
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* SIBFT PftEDC. WEK

c, SUBROUTINE PftEDIC GENERATES PREDICTED VALUES OF POSITION
C FROM THE PRESENT TIME- T - TO THE FINAL TIME -IF

COMMON C(9991
(3.M0/PREDC/AA(500.43 .AB(400,'.) AC(300.41
INTEGER PKWUNT
DIMENSION XK(71*XP(71*KOUUT(3)
EQUIVALENlCE EClOOiliTWgE IPIC(0023,TF lofCfOO3htDT J.

I(9C21#KOUIiT JoI19e5loT ).(CI9Ccdy.HP It
2 C(1411#XK 9.IC(9671#XP )#(Cl016J9GVNtfT)
IFINP.LT.DTI HP=DT

RETUnts'
ENTRY 'REDIC',

TxTIAE
00 1 1=107

CALL TRAJ;:1
GO TG (3#5%7)iPKC'x:T

2 .P=J+l
CALL TRJ.JP
GO TO f3,5#7jPKOV9lT

C
C COMAPUTE PREDICTIONI -A-
C

3 AAIJ911)T
DO 4 K*294

4 AACJvKI)XP(K-1)
.60 O 09

C 5ONPUTE PREDICTION-B
C

006 K2e4
6 AB(J*K-sCPfK-i)

GO TO 9
C
C COMPUTE PREDICTION -C-
c

? ACIJ#.11T
00 6 Kw294

I AC(J#AlsXP(K-11
9 IF(T*LToTF) G0 TO 2

KOLNTIPKOr4TI-J
PKOUN*T=PKO$JNT.1
RETURN
END
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SIBFTC TRAJP. DECK
C
C INTEGRATION ROUTINE FOR THE FREDICTION SUBROUTINE
C ADAMS-BASHFORTH - LANAS-MOULTON PREDICTOR-CORRECTOR WITH RUlNGE-KUTTA
C

SUBROUTINE TRAJPI
COMMON C19991
DOUBLE PRECISION W
DIMENSION I)16.519Wf695)#Y(6).TD(6j
EQUIVALENCE I198619H )1C198519X lt(C(9871*Y 1.

1 C(99')#D I
DATA M/6/

K20O
D0 10 JIsoM

CALL DERP
DO 1 1=1.6

1D(I.53=YDlIi
RETURN
ENTRY TRAJP

40 XC'X
IF IK.KE*O) IF (L~-21 50.50*110
Xp=XC
DO 1:5 1=1#M

50 K~4-
Do 70 lzt'
DO 60 J=KI#4

60 dI#J)=HD(IJ4)
VI1VJ,50WII#2xH02)4

X=XC.5t4
CALL DERP
Do 2 11.v6

2 D(It5)uYDI)
DO S0 1=194
W(I 3)zH*D(I .51

S0 YlIIzSXGL(VlI.1))
CALL DERP
DO 3 11.96

3 D(I,51CYD(I)
D0 90 IzlHl
W(194)=H*0(1951

90 Y(illSNGLIW(I,1)J
XmXC4H
CALL DERP
DO 4at1#6

4 Df(*5S=TD(I)
DO 100 Is1.Ip
W(I.1I=W(1.1)-(14).16666666666666671b5(12)+2DO*iI.l34-WII.4

100 Y(I=SNGL(WfI.1))

CALL DERP
DO 5 1=196

5 D[I0.1=YD(I3
RETURN

110 00 130 faloM
V(Iq23VW(Iv13

DO 120 J1=194
120 DlIJqIlD(1.J+13

k(1I 33zVi I .2)..4166666666666667D-1'H'(55.*Dt I 4)-59.4D(I ,33.31.*O

130 Yl3J=SI4GL(W(I*3))

CALL DERP
DO 6 1-1.6

6 D(J.51TYD113
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D0 11.0 1-1914
Wil,1)sW(l2),466666666666666701IH*(9*DII,5)19.*D(1,4)-5.D(I

193)+D(192)).1~ 1.0 YlII=SNGL(WfIs13)
00 7 1=1#6

f7 D(I.5)xYD(II
RETURN

I' END

SIBFIC DENT. DECK.
C
C SUBROUTINE DERT PROVIO THE DE VATIVE LIST FOR THE INTEGRATION
C ROUTINE FOR THE REFEREN ETRAJEC ORY - EARTH COORDINATES

SUBROUTINE DERT
COMMON C49991
REAL M4U
EQUIVALENCE IC(1O1)tX lt(CE10219Y ltIC(10319Z It
I ICII01.)tVX le(CI1051oVY lo(C(106)*VZ ),
2 ICIl1071#BETA ltICIO111#RE It
3 IC10213.WX IuIC(022)*WY 194C1023)#WZ I,
.4 £C40121.MU ).(C(013)oWIE I*IC(014)*WIEZ It
5 fC(111).XD ):(C1112)tYD le(C(113)oZD It
6 £CI144)VXD *(C(115)*VYD lt(C11161.VZD II. R-SOftTCX*X*Y+Z*Zl
VNSORT IVX*VXVY*VYVZ*VZI
G-imui(R*3).
NwR-RE
CALL ATMOS(H9RHOvGAMAI
D=0.5*RHOfV/BETA
XD=VX
YDzVY
ZD-VZ
VXD=-G*X-D*VX+ * O*WI E*VY+X*W IE2

VYD--G*Y-D*VY-2.0*IElVX+Y*WJE

RETURN
END
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sI6FTC COI4PR. DECKI

SUBROUTINE COMPAR COMPUTES THE 01FFERENhCE BETwEE THE ACTUAL VALUES

C OF POSITION AND VELOCITY AND THE E5TI:'.rED AND PREDICTED VALUES
C

SUBROUTINE COMPAI
COMMON CI 999)
COMN NPREDC/AAI5OO.A).AB(4094)rAC(?' .4I
CONMN/CALCOM/TTI70O),0RI7OO),PDR(7'hC,3'd*W7O0IPDVI700lEB(700oII
ITA(5CO),PDRAI5OO).,JTB(400),PDRB5(4OO'),,#.13001.PDRC(300),K
INTEGER PKOUNT
EQUJIVALENCE EC(1201#XTM I.(Cfl,'-)-Yfm )#(C(122)#ZTH It

2 IC(141)PEXTM' (C ( )YT9 I ,C (143) oEZTf Is
3(C(140ILEEETA )99C(144lsEVXTn '~C' .- Yl~ i(CC146J.EVZTM It
4 (C(024dDELXI )s (C,:~,:L' )xtC(02(-)vDELZ )t
5(C(0301 oDSE7A It tC(O27,. sD L sJC(C., :-L*Y )ttC(029)tDELVZ It
6 EC1118)9DELk .C:n;. )9(C(O16)#PK.OUNT)#,

8 IC(l38ISEPR ,Ci )#(ClOOl)vT I

1=0
J~o
K' 0
L=O
RE TURN
ENTRY CO:;PAR

C
C COMPUTE ERRORS IN ESTVIATION,

CI
DELXsEXTM-XTM
DELY=EYTM-YTM
DELZ=EZTM-ZTM
DELVX=EVXTM-VXTM
DELVY*EVYTM-VYTH

DELR=SQRT( DELX*DF.LX.DELY*DELY*DELZ*DELZ ),

ODELV=SORT IDELVX*DELVX+DELVY*DELVYOELVZ'4DELVZ)

C QBETA*EBETA-8ETAI
C LOAD ARRAYS FOR PLOTTING

TT(I)2T
ORE! IDELR
DYIIIaDELY
ESEilicEBETA
60 TO 97*593,1)#PKOUNT

C
C COMPUTE ERRORS IN PREDICTION -C-
C

1 L=L+1
VIFF*T-AC(L1II
IFIABS(OIFFI.GT.DTH) G0 TO 2
DELPRC2SORTIIACIL.23-XTM)4*2.(ACIL93I-YT(tI*2*(AC(LA)-ZTMI*0 I

C LOAD ARRAYS FOR PLOTTIN~G
TCfL)vT
PDRCELIxDELPRC

2 IF(DIFFoGT*0*OI GO TO 1

C

DIFFsT-AB(K#1I)
IFIABSIDIFFI@GT*DTI GPO TO 49
DELPRBxSORTI gABIKZI-XTM)*'Z.IABIK,3)-YTg.).E2+(AB(K.A)-ZTN4)#*2)

C LOAD ARRAVS FOR PLOTYIt4G
TB(KIvT
PDRBIKIsDELPRB

4 IF(DIFF.GT*O.OI GO TO 3
C
C COMPUTE ERRORS IN PREDICTION *-A-
C
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DIFF=T-AA(Jtllf IFIASS(DIFFI.GTDTi) 6O TO 6
DELPP.A=SORT( (AA(J,2 )-XTp4**2,(AA(J.3)-YTt4)**2+IAA(J,4j-ZT4)**2)

C LOAD ARRAYS FOR PLOTTING
TA( JJ T
PDRAIJ)=DELPRA
6IFIOIFF.6T*O.O3 6O TO 5

7 RETURN

H END
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* SIBFIC NOISE* DECK
C
C SUBROUTINE NOISE GENERATES GAUSSIAN NOISE

* C
SUBROUTINE t4OISEI
COM4140N C(9991
INTEGER RNDMNOi5I.IXf5)
EOUIVALENtCE (Ci'9OJNORNDM)a(C(4-91).RNDMN4O).(C(OO3).DT)

J IFINORNDMeEO.OJ RETURN
DO 1 Izl.NORNH
JsRNDHI4OI I
IF(CIJ+2)*LEeOvOi C(J+21u0.OOOOOO1
C(J,3)x2.7182818*#(-DT/CfJ+71)
CIJ4rC(J+1 )4-SORT(I.O-CIJ,3)*CIJ+3)i
IXI=C(J)
CALL RANDUI IX! IY*V)

RETUDRN

ENTRY PIIISE
IF(t~&l0;.tsD4@Q.O) PETV.04
DO 2 1=19ND.l
J-R;D*!;:OtI Ii
IXItIXII)
SUWO * 0
DO 3 Kx1,12
CALL RAhOUIIXIoIYtV)

IXI-IY

3 SuI4=Su:4+V
XOSUM-6e0

C(J+5i*C(J+6)
2 C(J*61=C(J+44*X+C(J*3)*C(Je5i
RETURN
END
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SIBFTC RANOU. DECI Rv.UQ
C RANDUOCi
C e0g...... 0c0...e0ee .*.c****. .*...*. ... . .*e..*** ... e**... .*....* RANDUOCi2
C RANDUOO03.
C SUBROUTINE RANDU RANDUO04'
C RANOUOC5*
C PVRPOSE RANDUO06'
C COMPUTES UNIFORMILY DISTRIBUTED RANDOM REAL NUMBERS BCTWEEN RAI4DU007
C 0 AND 1.0 AND RANDOM INTEGERS BETWEEN ZERO AND 'RANDUOC6
C 2**31* EACH ENTRY USES AS INPUT AN INTEGER RANDOM NUMBER RANDUCI
C -AND PRODUCES A NEW INTEGER AND REAL PANDOM4 NUMBER* RANDUO10
C RANDU011
C USAGE RANOUO i2
C CALL RANDU(lXtlYvYFL) RA14DVO13IC RANDUO14
C DESCRIPTION OF PARAMETERS RA?4DU015
C IX -FOR THE FIRST ENTRY THIS MUST CONTAIN AtlY ODD INTEG 'ER RANDUO16
C NUMBER WITH NINE OR LESS DIGITS. AFTER THE FIRST ENTRYtRANDJO17
C IX SHOULD BE THE PREVIOUS VALUE OF IY COMPUTED BY THIS RA"DUQIB
C SUBROUTINE. RAt4DUO19
C IY -A RESULTANT INTEGER RANDOM hUIMSER REQUIRED FOR THE NEXTP.ANDU320
C ENTRY TO THIS SUBROUTINE. THE RANGE OF THIS NUMBER IS RAN4DUO21
C BETWEEN ZERO AND 2**31 RANDU022
C YFL- THE RESULTANT UNIFORMLY DISTRIBUTED. FLOATING POINT.' RANDUO23
C RANDOM NUMBER IN THE RANG,. 0 TO 1.0 RANOU024
C RANDU02 5
C RE14ARKS -RANDUO26

C THIS SUBROUTINE IS SPECIFIC TO SYSTEM/360 RANDUO27
C THIS SUBROUTINE WILL PRODUCE 2**29 TERMS RANDUO28
C BEFORE REPEATING RANDUO29
C RANDUO30
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED RANDU031
C NONE RANDU032
C RAN4DUO33
C METHOD RANDU034
C POWER RESIDUE METHOD DISCUSSED IN IBM MOJUAL C20-80119 RAND4U035
C -RANDOM NUMBER GENERATION AND TESTING RANDUO36
C RANDUO037'
C sooooooooo*osoooooo~oooo~o**ooo~oRNU3
C RANDUO39

SUBROUTINE RAN'DUIXvIYYFLl
IY=1X*262147
IF(IYoLTe0) lYz(IY+34,3597383671
YFL-IY
YFL-YFL.29103383046E-10
RETURN
END
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SIBFTC ATIOS. DECK
C
C SUBROUTINE ATMOS PROVIDES AlF DENSITY AND RATE-OF-CHANGE OF AIR DENSITY AS
C A FUNCTION OF ALTITUDE. AIR DENSITY IS ACCURATE TO WITHIN 2.0 PER-CENT
C OVER AN ALTITUDE RANGE OF -10.000 FEET TO +2,000*000 FEET AND TO WITHIN
C 0.2 PER-CENT IN THE RANGE -1.000 FEET TO 40,000 FEET. -INTERPO.ATION IS
C_ LINEAR. TABLE ENTRIES ARE FROM THE 1959 ARDC MODEL ATMOSPHERE.
C
C -10.000 FEET 1.0150 E-01 LS/CU.FT.
C -5,000 FEET 8.8310 E-02 LBS/CUFT.
C -1.000 FEET 7.8738 E-02 LBS/CU.FT.
C SEA LEVEL 7s6475 E-02 LBS/CU.FT*
C 1,000 FEET 7.4262 E-02 LBS/CU.FT.
C 29000 FEET 7.2099 E-02 LBS/CU.FT.
C 4,000 FEET 6.7918 E-02 LOS/CU*FT.
C 6,000 FEET 6o3926 E-02 LBS/CU.FT.
C 8.000 FEET 6.0116 E-02 LBS/CUoFT.
C 10,000 FEET 5.6483 E-02 LOS/CU.FT.
C 12.000 FEET 5.3022 E-02 LBS/CU.FT.
C 14.000 FEET 4,9725 E-02 LBS/CU*FT.
C 16,000 FEET 4°6!89 C-02 LOS/CU*FT.
C 18.000 FEET 4,3606 E-02 LSS/CU.FT.
C 20,000 FEET 490773 E-02 LBS/CU9FT.
C 22,000 FEEf 3.8063 E-02 LBS/CUaFT.
C 24,000 FEET 3.5531 E-02 LBS/CU.FTo
C 26,000 FEET 3*311? E-02 LBS/CU°FT°

C 28,000 FEET 3e0823 E-02 LBS/CU°FT@
C 30,000 FEET 2.8657 E-02 LBS/CUoFTo
C 32.000 FEET 2.6609 E-02 LdS/CU.FT.
C 34j000 FEET 2.4676 E-02 LBS/CU.FT.
C 36.000 FEET 2.2852 E-02 LBS/CUaFT.
C 38.000 FEET 2.0794 E-02 LBS/CU.FT.
C 40,000 FEET 1.8895 E-02 LBS/CU.FT.
C 459000 FEET 1.4873 E-02 LBS/CU*FT*
C 50,000 FEET 1*1709 E-02 LBS/CU.FT.
C 55.000 FEET 9.2185 E-03 LBS/CU*FT*
C 60.000 FEET 7*2588 E-03 LBS/CU.FTe
C 659000 FEET 5.7164 E-03 LBS/CU*FT*
"€ 70.000$ffl-EET- 4.5022 E-03 LBS/CU.FT.
C 75,000 FEET 395463 E-03 LBS/CU*FT.
C 60.000 FEET 2.7937 E-03 LBS/CU*FT*
C 55,000 FEET 2.1784 E-03 LBS/CUoFT.
C 90#600 FEET 1&6901 E-03 LBS/CU*FT*
C 959000 FEET 1.3182 E-03 LBS/CU.FT.

C 100.000 FEET 1.0332 E-03 LBS/CU.FT.

C 110,000 FEET 6*4392 E-04 LBS/CU.FT*
C 120,000 FEET 4.0851 E-04 LBS/CU.FTo,
C 130.000 FEET 2.6349 E-04 LBS/CU.FTo
C 140,000 FEET 1.7258 E-04 LBS/CUoFT.
C 1509000 FEET ,f141468 E-04 LBS/CU*FT.
C 160,000 FEET 7.8276 E-05 'LBS/CU.FTo
C 170.000 FEETV 5.4467 E-05 LBS/CU.FT.
C 180.000 FEEV 3.8700 E-05 LBS/CU.FT.
C 190000 FEEf 2.7836 E-05 LBS/CUoFT.
C 200.000 FEET 1.9684 E-05 LBS/CU.FTv
C 210:000 FEET) 1.3659 E-05 LBS/CU.FTo
C 220,000 FEET 9.2801 E-06 LBS/CU.FT*
C 230.000 FEET 6.1583 E-06 LBS/CU.FT°
C 240,000 FEET 3.9784 E-06 LBS/CU.FTo
C 250000 FEET 2.493 E-06 LBS/CU*FT*
C 2609000 FEET 1.508 E-06 LBS/CUeFT.
C 2709000 FEET 1.343 E-07 LBS/CU.FT*
C 260.000 FEET 4.522 E-07 LBS/CU.FTe
C 290,000 FEET 2.453 E-07 LBS/CU.FT.
C 300,000 FEET 1.327 E-07 LBS/CUoFT*
C 3109000 FEET 6e880 E-08 LBSCU*FT.

c t269600 Oft S.fl9, W.16 caticuory
C -330.000 FEET 2.093 -E-08 LOS/CUeFT*
C 340.000 FEET 1.216 E-08 LBS/CU*FT*
C 3509000 FEET 7.282 E-09 LBS/CU.FT.

C 2,000,000 FEET 0.000 LBS/CU*FT*
C THE AIR DENSITY ABOVE 2000#000 FEET IS ASSUMED TO BE ZERO.
C
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SUBROUTINE ATI4OSI
DIKENSION PTAB(63). ATAB(63196TAB(621
DATA ATAB/-l.0E4,-5.0E3,-l.0E3.O.OEO9l.0E3.2.0E3,4.0E3.6.0E3
18.0E3.1.OE4.1.2E4,1.4E4,1.6E4,1.SE4,2.0E4,2.2E4.2.4E4,2.6E4.
22.8E4,3.0E4,3.2E4.3.4E4.3.6E4 .3.BE4.4.0E4.D,.5E4.5.0E4,5.5E4.
36.0E4.6.5E4,7.0E4.7.5E4.8.0E4,8.5E4,9.0E4,9.5E4,1.OE5,1.1E.

41.2E5,1.3E5,1.4E5,1.5E5,l.6E5.1.7ES9l.SE5,1.9E5,2.0E5,2.1ES9
52,2E5 .2.3E5,2.4E5 .2 .SES.2.6E5 .2.7ES .2. SE5.2.9E5 ,3. 0E5.3.1E5.
63.2E593*3E593*4E593o5E5*2*OE6/
DATA PTAB/l.0150E-0l ,8o83l0E-02,7.8738E-02.7.6475E-02,7S.262E-OZ,

17.2099E-02 .6.7918E-02 ,6s3926E-02,6.0116E-02 ,5.6483E-0Z,5.3022E-029
24.9725E-02 .4.6589E-02 .4.3606E-02 .4.0773E-02 ,3.8083E-OZ.3o5531E-029
33.3113E-02 .3.0823E-02.2e8657E-029Z.6609E-02 '2.4676E-02 .2.2852E-02.
42.O794E-02*1 .8895E-02 ,1.48(sE-0 .1.17O9E-O2.9.2185E-03,7s2$48E-O3v
55.7 164E:-C3 .4.502 2E-03s,3t 5463E-03 ,2 7937E-03.2. 1784E-O3, 1.6901E-03.
61. 3182E-03 '1.0332E-03 .6.4392E-04,4. 085lE-04 *2. 6349E-04, 1.7258E-04#
71. 1468E-04 .7.8276E-05 .5.4467E-05,3 *8700E-05 ,2. 7836E-05,1.9684E-059

81.3659E-05,9.2SO7E-06,6.1583E-639784E-06,2.4930E-6150Oe~E-069
98.3430E-0794.5220E-07,2.4530E-'07,327OE-07,6.68OOE-08,7240E-8
12,20930E-08,1.2160E--8s7.2820E-09,O.OEC/,M./l/
Do 10 lrl#62

10 GTA6(T)=(PTAB(J+1)-PTAB(i)')/(ATAB(1+1)-ATAS( I
RETURN4
ENTRY ATMOS(H*RHOPRriO)
IF Itl *G~E* ATAB(C.33) 60 TO 3

1 IF (H - ATAB(M+1)l 7#294V
2 RHO =PTAB(.Y+1)

G0 TO 9
3 RHO = 0.

PRHO=O0
6O TO 9

4 IF (H - ATAB(14O2)1 89'6#5

GO TO 4

so TO 2

0 ORHO x PTAB(14+11 + MH ATAB(K.1))/CATAB(M+2) -ATAB(#Ili*(PTAB

1(K+21 - PTAB(1N+1)
PRHO=GTAB(#4+1) 1
RETURN
END
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SIBFTC INPUT* DECKj

c SUBROUT114E INPUT'- READS ALL INPUT DATA
C

SUBROUT INE INIPUT
COM)40?$ c(9991
INTEGER OUTtNO#RNDMN0(5)
DIMENSION ONAMEI50).0NAI4IE2(5OI.0UTN0I50),LISTNOI5OIVAL6EI5O).
EOUIVALENCE (C(49OIN0RNDM).(C(499JNOLISTJ,(I(3',%COV It

I i((5ii ,ONAMEl),(C(5513 ,ONAME2I.(C16C.) .DJTNO It
2 (C(65113,LISTNO) e(Cl7011)#VALUE 1.(C(491)9,DI4NOI
XR!TEC6,600)

600 FORNMATI1H1.4X,1GClt4PUT DATA/I
100 READ (59500) 1RPALPHA1,ALPhiA2,ALPHA3.IR29VR1,VR2
500 FORMAT( I2v3A6sJ~s5Xs2E15o03

bWRITE(696CI) IR1ALPkAALPHA2,ALPIA3IR2,VRl.VR2
601 FORtAJ(5A.12s3A6,15,5X,1P2E15.7)

60 TO (l92v3,495#63.IR1
160O10 1C0
2 GO TO 100
3 C(IR?',-VR1

IFCVR2.EC.0.01 60 TO 100
NOLIST=?.lST41
LISTNO(NCLISTIz-IR2
VALUEWt~LIST)-Vkl
GOC TO 100

4. NOOUT=!:'0OUT+1
ONAMEl (NOOUT j ALPilAZ
ONAME2(NOOUVT)=ALPHA3
OUTNO(NOOUTI=1R2
60 TO 100

5 60 TO 100
6 1Ff1R2@EQO1 RETURN

DO 7 IzI,1R2
READ(595011 J.X.NAMElNAME2SIG4AoNAME3NAM4E'TAU

501 F0RMAT~15,El5.O.2A5.E15.0,2A ,E15.0)
VRITE(69602) J.XNAME1,PIANE2.SIGMANAME3.NAME4,TAU

602 FORF4AT(5X.5,FlS.3,2A5,1PE1S.7.2A5,1PE151
t4ORIIDt=NORtIDM+ 1

1, RNDNNO(I)=J
C IJI X
CIJ+13=SI6MA-

7 C(J*21=TAU
RETURN
END
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* ShUFIC OUPTIO DECK~
C
C SUBROUTINE OUTPUT -- OUTPUTS DATA

C SUB ROUTINE OUPTI

COMWO C(9991
INTEGER OTCNT*PGCNT9OUTRO
DIMENSION ONAME1(5O).O#4AME2(50).OUTNO(501.D(501
EQUIVALENCE IC(0O1)#T 19CC(00419CPP I,(C(486)*PCNT )v
IOC148719DTCNT )9IC(48819PC4T P.(C(4891*ITCHT le(C(0O5)#DOC' I*
21CI5001.NOOUT ),(C(501),OU1AME1).(C(5511,OUIAME2),(C(601),0UThO I

ITCHT aDOC + 1.0
PCHT ~J-0e000001
PGCNT I
DTCIIT * IIUT 41/5
60 To 100
ENTRY OUTPUT

100 IF(ITCNT96T*6) 60 TO 1
I TCNT- ITCtIT.
WRITE 16,600) £I.C( I).C(1*11.CI 1Z),C(I+3).C( 3+4) ,C(145),C(1+6),
1 C(1e7hltIl472901

600 fOnSAT(1HI,5Xtl4iC0;'q~x LISTING/t35#2X,1P8E15*7)1
PGCHT-1

1 IF(T*LTvPChT) RETURN~
PCNT=PCNT+CPP
IF(PGCNT*NE.1) 60 TO 3

2 WRITE1696011 (ONAt4.ElfiijOflAMYE2II11tOOUTI

',601 FORMAT (1H1,SX94NTltMr.SX#5(8X#2A6)/ (23X92A6,SXs2A6,CX%2A698X,
12A6s$Xs2A6) I
PGCNTz2*DTCNT4

S IF(PGCNT*GE&62) 60 TO 2
DO 4 i-lNOOUT
J=OJTrlO(I)

4 BII)=CEJl
WRITE(6.6031 Tv(B(I3,Iw1.NOOUTI

1603 FORM4ATI////2XFlS.7.1P5E20.7/( 17X,1P5E20.71)
j. ( PGCNT sPGCNT +4 OTCNT +4

END

SIBFTC RESEl. DECK
C

C C -SUBROUTINE RESET RESETS SELECTEJ) INPUT DATA FOR REPEATED RUnS,
C

SUBROUTINE RESET
SCOMMON.C(999 -

EQUIVALENCE (C(493 ,fOLIStl .1C(651).LISTNiO),(C(7O1'3.VALUE
DIME'4S1014 LISTNO(5019VALUE( 50
IF tNOLIST *EO. 0) RETURA
00 1I 1 a tOLIST

* ,J * LISTt4O(li
I. C(J) sVALUE(I)
RETURN

* END

S *~ - *72
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SIBFTC MFSDO DECK
C 14FSD 10
C eeeeeoeeeeeeeoeeoeeee..oo.oeeeeeeeeoooeoeeeeeeee.......MFSD 20

C MFSD 30
C SUBROUTINE MFSD MFSD 40
C MFSO 0_-.. .
C :PURPOSE N-IFSD 60
C FACTOR A GIVEN SYMMETRIC POSITIVE DEFINITE MATRIX MFSD 70
C MFSD s0
C USAGE MFSD" 90
C CALL MFSDIA#NoEPS#IERI MFSD 100
C MFSD 110
C DESCRIPTION OF PARAMETERS MFSD 120
C A - UPPER TRIANGULAR PART OF THE-GIVEN SYMMETRIC MFSD 130
C POSITIVE DEFINIXE N BY N COEFFICIENT MATRIX. MFSD 14Q
C ON RE4U11 A CONTAINS THE RESULTANT UPPER MFSD 150

C TRIANGULAR MATRIX. *FSD 160
c N - THE NUIBER OF ROWS (COLUMNS) IN GIVEN MATRIX. MFSD 170EPS - AN INPUT CONSTANT WHICH IS USED AS RELATIVE MFSD 180

"-C I TOLERANCE FOR TEST ON LOSS OF SIGNIFICANCE. MFSD 190
C IER RESULTING ERROR PARAMETER CODED A FOLLOWS MFSD 200
C IERrO NO ERROR MFSD 21Q
C IER=- - NO RESULT BECAUSE OF WRONG INPUT PARAME- MFSD 220
C TER N OR BECAUSE SOME RADICAND IS NON-, MFSD 230
C POSITIVE (IATRIX A IS NOT POSITIVE MFSD 240
C DEFINITE* POSSIBLY DUE TO LOSS OF SIGNI- MFSD 250
C FICANCE) MFSD 260
C IER=K - WARNING WHICH INDICATES LOSS OF SIGNIFI-" MFSD 270
C CAiCE. THE RADICAND PORMED AT FACTORIZA- MFSD 280
C TION STEP K i WAS STILL POSITIVE BUT NO MFSD 290
C - LONGER GREATER THAN ABS(EPSA(KelK+1II. MFSD 300
C MFSD 310
C REMARKS MFSD 320
C THE UPPER TRIANGdLAR PART OF GIVEN MATRIX IS ASSUMED TO BE MFSD 330
C STORED COLUMNWISE IN NINl1/2 SUCCESSIVE STORAGE LOCATIONS.MFSD 340
C IN THE SAME STORAGE LOCATIONS THE RESULTING UPPER TRIA/GU- MFSD 350
C LAR MATRIX IS STORED COLUMNWISE TOO. NFSD 360
C THE PROCEDURE GIVES RESULTS IF N IS GREATER THAN 0 AND AL MFSD 370
C CALCULATED RADICANDS ARE POSITIVE. ,MFSD 380
C iHE'PRODUCT OF RETURNED DIAGONAL TERMS IS EQUAL TO THE MFSD,390
C SQUARE-ROOT OF THE DETERMINANT OF THE GIVEN MATRIX. MFSD 409
C MFSD 410
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED . FSD 420
C NONE ' NFSD 430
C MFSD 440
C METHOD' 1 FSD 450
C SOLUTION IS DONE USrNG THE SQUARE-ROOT METHOD OF CHOLESKY. MFSD 460
C THE GIVEN MATRIX IS REPRESENTED AS PRODUCT OF 140 TRIANGULARMFSD 470

- C MATRICESt WHERE THE LEFT HAND FACTOR IS THE TRANSPOSE OF MFSD 480
C THE RETURNED RIGHT HAND FACTOR. M14FSD 490
C / MFSD 500

C MFSQ 520
SUBROUTINE KFSD(AvNqEPSIER) MFSD 530

C : MFSD 540
C MFSD 550

DIMENSION A(l) MFSD 560
DOUBLE WRECISION DPIVDSUM MFSD 570

C MFSD 580"
C TEST ON WRONG INPUT PARAMETER N MFSD 590,

IF(N-21 1291i1" MFSDG0.-

1 'IERO MFSD 610
C MFSD 620
C INITIALIZE DIAGONAL-LOOP MFSD 630

KPIV=O- MFSD 640
D00 11 KwsN MFSD 650
iPlViK IV4K AM go
IND-KPIV MFSD 670,,
LENDcK-1 MFSD 680

C MFSD 690
C - N CALCULATE TOLERANCE " FSO oo

TOLoABS(EPSvA(KPIVIl NFSD 710
C MFSD 7f
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SF60 130

C S AR FCTORIZATIO N-..LOP OVER K-THi RO NSO 40

Po011 lzK.N NS 5

*SU1KO.00 -X 
FSD,760

if-ftENDS 294#2 / so5 770*

C 
SF50 180

C START INNSER LOO.P N 9

2 DO 3 La1,LEt4Os I~
LANVPZP IV"L 

MFSD 810

LINO=190-L -. /S 800

S OsWKlD$!A4I08LE(A(LANF)*AIND)I S 820

C END OF INNER LOOP ss6

C 
MFSD $0

C TRANSFORM ELEiNT A(INDI NFSD 8SW

,4 DSUH-)BLE(A( 1510))-DSUi;4 NFsp 860

IF(I-K3 10.5.10 KS0 $0

C FO OSO IGIIAC FSD 890

C TEST FOR KEGA71VE PIVOT ELEHEUT AND FO OSO I.Il~tE MFSD 900

.5 IFISNGL(S"MI)TOLl 6#699 Sp 910

6 IF(DSUM) 12#12? KSD92

7 1 F E R I 8 9 # 9 - S 9 3 0

C MFD 940

CCOMPUTE PIVOT ELEM4fl -,- 
so5 960

9 DPTV=DSORTI0SUt FD 7

A,(KPJV)Z0PIV -K FSD 970

DPIV=1.Do/DPIV KS 990

60.10,11 S0OO9

C ~ CALCULATE TERMS III W-OSD1020

10 AIND)SOSUM*DPIv NFSD1020

11 IND-IND,+I SD1040
C SD500

C END OF DIAGONAL-LOOP W SF01050
RETURN NS01070

12 IER-1 / Spl0108
RETURN _IS19
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$IBFTC SINVO DEC

C SINv 10

C i
SSINV 30
C SUBROUTINE SIRV "SINV 40
C .SIkV 50
C PUR4OSE SINV 60
C INVERT A GIVEN SYMMETRIC POSITIVE DEF)NITE MATRIX SINV 70
C' SIMV so
C USAGE- SINV 90
C CALL SINVIAeNEPStIER SINV 100
'C st1V 110
C DESCRIPTION OF PARAMETERS SINV 120
C - A - UPPER TRIANGULAR PART OF -THE GIVEN SYMMETRIC SINV 130
C_ -POSITIV E-FULI Jk_ g N COEFFICIENT MATRIX. Sl1V 140

C ON RETURN A CONT NS THE-t--SUL-TA PER SINV 150
C -TRIANGULAR MATRA. - SINV 160
C N THE NUMBER OF"ROWS (COLUMNS) IN GIVEN MATRIX. _ -IV O
C EPS - AN INPUT CO14TANT WHICH IS USED AS RELATIVE S I-ISm--
C TOLERAUCE -FOR TEST ON LOSS OF SIGNIFICANCE. S1NV 190
C TER - RESULTM4 ERRCR PARAMETER CODED AS FOLLOWS SINV 200
c IER=, - NO ERROR SINV 210
C IEl*-1,- NO RESULT BECAUSE OF WRONG INPUT.PARA4E- $INV 220
C TER N OR BECAUSE 5014E RADICAND IS NON- SINV 230
C /// POSITIVE IMATRIX A IS NOT POSITIVE SINV 240

C / DEFINITE POSSIBLY DUE TO LOSS OF SIGNI- SINV 250
C FICANCE) - SINV 260
C // ER=g - WARNING WHICH-[NDICATES LOSS OF SIGNIFI- SINV 270
C CANCE. THE RADICAND FORMED AT'FACTORIZA- SINV 280
C TION STEP K+I WAS-STILL POSIIVE BUT NO SIV 290
C LONGER GREATER THAN ABSIEPS*A(K.1,K+I11. SINV 300
C SINV 310
C REMARKS 51kV 320
C THE UPPER TRIANGULAR PART OF GIVEN MATRIX IS ASSUMED TO BE SINV 330
C STORED -COLUMNWISE IN NOiN.1I/2 SUCCESSIVE STORAGE LOCATIONSOSINV 340
C IN THE SAME STORAGE LOCATIONS THE RESULTING UPPER TRIANGU- SINV 350
C LAR MATRIX IS STORED COLUMNWISE TOO. SINV 360
C THE PROCEDURE GIVES RESULTS IF N IS GREATER THAN 0 AND ALL SINV 370
C CALCULATED RADICANDS ARE POSITIVE. SINV 30
C SINV 390
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED 51V 400

-C NFSo r SINV 410
C SIV 420
C METHOD SINV 430
C SOLUTION IS DONE USING THE FACTORIZ TION BY SUBROUTINE MFSD4INV 440
C SINV 450
C e .e...o cc..oeoee..e......e .e. eoeoeoooe.** e... eoe ooo e...oeSINV 460
C SINV 470

SUBROUTINE SINVIA#N*EPS.IER) SINV 480
C SINV 490
€C SINV Soo

DIMENSION All) s1NV 510
DOUBLE PRECISION DIN9WORK SINV 520

€ ,SINV 530C FACTORIZE GIVEN MATRIX BY MEANS OF SUBROUTINE MFSD SINV 530

C A s TRANSPOSEiT) * T SINV 550
CALL MFSD(A.9NEPS.IER1 SINV 560
IFIIERJ 99191 SINV 570

C / SINV 580
C INVERT UPPER TRIANGULAR MATRIX T SImV 590
C PREPARE INVERSION-LOOP 510V 600

1 IPIV:N*IN+II/2 51V 610
INDSIPIV SINV 620

C SINV 630
C INITIALIZE INVERSION-LOOP SIV 640

DO 6 IO1.N SINV 650
DIN-I.DO/DBLE1AIIPIVk) $INV 660 /
ACIPIVI=DIN SINV 670/
MNIN SINV* 680
KENDOI-I SW 690
LANFaN-KEND 4 kv, 700
IFiKEND) 5#5,2 SINV 710

2 JZIND SINV 720
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C SINV 130

C INITIALIZE ROW-LOOP SINV 74.0

DO 4. K=19KEND SINY 750
WORK.DOSINV 160

NINI4IN10 SINV 770

LHOR=IPIV --
SINY 780

LVER=J SINV 790

C SIt4V 600

C START INNER LOOP SINV 810
DO 3 L=LANFtMIN SINY 820
LVERLVER-1 SINV 830

LHOR=LHOR+L SV84.0

3 WORK=WORKDBLE(A(LVERI*A(LHOR)) SINV 850 -

C END OF INNER LOOP SINV 860

C $INV 870

A(J$=-WORK*DIH SINV 880

4. J=J-MIN SINV 890

C END OF ROW-LOOP SifV 900

C S~IV 910

5 IPIV=IPIV-41N S~IV 920

6 INO=IND-1 SINV 930

C Et!D OF INVERSION-LOOP S~IV 940

C SiV 950

C CALCULATE INVERSE(A) BY MEANS OF HLVERSEIT) SIllY 960

C INVERSE(AI INVERSE(T) * TRANSPOSEIINVERSEMTI SINV 980
C IN1TIALIZE MULTIPLICATION-LOOPSlY98

DO0a 1-I.N SIlly 990

IPIV=IPIV+l SINV1000

JZNp IV SINViOlO

C SINVIO20

C INITIALIZE ROW-LOOP SINVIO30

Do 8 K=19N SINV1O4O
WORK=O.DOSNIS
LHORzJ SIN4VIO60

END OF INVR 70

fENDSTART ININER LOOP IIVIOSO

DO 7 zK*N. slvk76
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c.***4O****~E~t*~C@**4#COMpM LISTING *******~ O
C

CC 2) TF
C( 3) OT
CC 4) CCP
C s) Doc
CC 6) ST EP
CC 7)
C ( 8) TTSKF

C ( 10) DT /'
Cl III R E
.C( 12) MU
C ( 131 WIE
C ( 14) WIE2
C ( 15) EPS
C Cl 16) PKOUHT
C ( 17) P TIME (I I
c ( 18) PT I IT(2)
C ( 19) PTWRE(3)
C 1 20) PTIME(4
C ( 21) VX
C ( 22) WY
C ( 23) wi
C 1 24) DELX
C ( 25) DELY
Cl( 26) DELi
C ( 27) DELVX
C ( 26) DELVY
C ( 29) DELVZ
CC 30) OBETA
CC 31) THRU CC 39) ClETl THRU CET33 STORED COLUMN WISE
CC 40) AZD
CC 41) THRU C(C49) CAEII THRU CAE33 STORED COLUIMN WISE

(C CSol ELI)
CC 51) THRU Cl 59) CATl THRU CAT33 STORED'COLUltft WISE
CC 60)
CC 61)

CC 62)1
Cl 64)

CC 67)
CC 68)

Cl 70) AZ

Cl 71)

cl 74)
CC 75)
r( 76)
CC 77)IN
CC 78)
CC 79)
CIC s) EL

Cl 81

CC 64) I
CC 88)

CC 90) RA
Cl 91)
CC 9ii

CV93
CC 94
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ef 951
C~ Cl 96)

cl 91
Cl 99)

C~lool RR
MIoll XEM

C(102) YEN
Cl 1031 ZEN
Cl 104) VXEM
C(105) -'VYE04

c 1106) VZEM
C(1071 'B8ETA
C(108) "41
C112091 VM
C(1O) 0
Vll) XOEM
Ct 1121 YDER
C(1131 ZDEM
C(114 VXDE#4
C(1151 VYDEV.
Cl 1161 VZDEV,
C(117)
Cl 120) DEIR
C(1191 DELV

* C(120) XTV'
C(121 YTM
C(122) ZTJ4
Cl 1231 VXT14

Cll2.)VYTN
C( 1251 VZTN
C(1261 LAT

LC( 127) LONG
CC1281 HP
C(1291 HEAD
C(130) VP
C(1311 XEP

SC(1321 YEP
C(1331 ZEP
C (11 VXEP
C(1351 VYEP
6(1361 VZEP
C(1371 GAMMA
C(1381 - SEPR
Cl 1391 SEPY

Ct 1491EBETA
C(1411 EXTH
C 1142) E YTH
C(1431 EZTM
C(1441 EVXTK
C(1451 EVYTM
C(1461 EVZTN
C(1471 ALPHA
C(1481 EHN
C(1491 EVN-
C(ISO)
Cl Isr) EXDTM
Cl152) EYTM
C1,1531 EZOTK
C 1154) EVXDTN4
Cl 155) EVYDTM
C(1561 EVZDTN
C(157) Zill
C(1581 Z(2)
c C11591 Z(31
CI1601 Z (4)
a 16i I WXST Ii
dif?) OXEST 121
C(lt3l OXESTI3)
C(164.) OXESTt4J
C(1651 OXEST151
Cli6 I .O XESTI61

C067?) OXEST17)F.- -78
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Cl 1681 SIGAZ
C(169) SIGEL
C(170I SIGRA
C(1711 SIGRR
C(1721 D
C(1731 THRU C(2001 K(i11) THRU K(7941 STORED COLUMN WISE
C(201) THRU C(249) F1lt1 THRU F(7971 STORED COLUMN WISE

,, C(2501
C(2511 THRU C4299) PHI0)911 THRU PHI17) STORED COLUMN WISE

C4300)
C1301) THRU C(3491 PP(I1,1) THRU PP(771 STORED COLUMN.WISE
C(350)
C(351) THRU C(3661 R(ilo) TIRU R(4,4) STORED COLUMN WISE
C(4Ci) 7HRU C(428) M(1,1) THRU M(4,*1) STORED COLUMN WISE
C14ES) PCf.T
C(487) DTCNT /
C(488) PGCUT
C(489) ITCNT
C(490) NORNDM 'S
C(491) THRU C(4951 RtlD NO(1" THRU RtDMIZO(5) STORED COLUN WISE
C(4991 NOLIST
C(500) NOOUT
C(501) THRU C(550) OXAME1 )( THRU OKANEI(SO) STORED COLUMN WISE
C(551) THAU C(C6O) O'iAE2(1) THRU ONAVE2(50) STORED COLUti WISE
C6011 THRU C(650) OUTGOIl) TIIRU OUTNO(5O STORED COLUMN WISE
C(651) THRU C17001 LISTNO(l) THRU LISTNO(50) STORED COLUMN WISE
C(701) THRU C(750) VALUEII) THRU VALUE(50) STORED COLU.4& WISE
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